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A search for the standard model neutral Higgs boson is described. D ata collected during 1990 and 1991, corresponding to 
408 000 hadronic decays of the 2°, were used. At the 95% confidence level we exclude the existence o f  the minimal standard 
model Higgs boson in the mass range 0 ^ M Ho< 52 GeV,
1. Introduction
In the minimal standard model, the Higgs mecha­
nism is responsible for the mass generation of the W* 
and Z° vector bosons [1,2] and the existence of a 
neutral spinless Higgs particle H° is predicted. In this 
model the couplings of the H° boson to the fermions
1 Supported by the German Bundesministerium fur Forschung 
und Technologie.
2 Deceased.
and the vector bosons are known but its mass is not 
specified.
At centre of mass energies near the Z° peak the main 
Higgs boson production mode is predicted to be 
through the Z° boson decay into a H° and a virtual 
Z°* [3]:
e+e“ -+Z0-*H0+ Z 0*->H°+fT.
We have previously reported on searches for the 
standard model Higgs boson using the 1990 data 
sample, corresponding to 5.3 pb -1 integrated lumi­
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nosity around the Z° pole [4,5]. These searches al­
lowed us to exclude the presence of the Higgs boson 
in the mass rangeO <M Ho<41.8 GeV at the 95% con­
fidence level. Searches have also been performed by 
the other LEP experiments [ 6-8 ].
We have expanded the search for the H° by includ­
ing our 1991 data sample, corresponding to 292 000 
Z° hadronic decays. Combined with the 1990 data this 
totals 408 000 Z° hadronic decays and 17.5 pb~* in­
tegrated luminosity at centre of mass energies be­
tween 88.2 and 94.3 GeV.
Here we report on our search for the Higgs boson 
in the mass range from 30 to 60 GeV. We have 
searched in the channels: H°vv, H°e+e_ ,
(H°-> t +t - ) (Z°*->qq) and (H<Uqq) (Z °* - t +t ~ ).
2. The L3 detector
The L3 detector consists of a central tracking 
chamber, a high resolution electromagnetic calori­
meter composed of BGO crystals, a ring of scintilla­
tion counters, a uranium and brass hadron calorim­
eter with proportional wire chamber readout, and an 
accurate muon chamber system. These detectors are 
installed in a 12 m diameter magnet which provides 
a uniform field of 0.5 T along the beam direction. For 
hadronic jets the fiducial coverage is 99% of 4n.
The central tracking chamber (TEC) is a time ex­
pansion chamber which consists o f two cylindrical 
layers of 12 (inner) and 24 (outer) sectors, with 62 
wires measuring the R~<fi coordinate. The single wire 
resolution is 58 \im averaged over the entire cell. The 
double-track resolution is 640 Jim. The BGO electro­
magnetic calorimeter, which now includes endcaps 
installed in 1991, covers 85% of the solid angle. The 
fine segmentation of the BGO detector and hadron 
calorimeter allows us to measure the direction of jets 
with an angular resolution of 2 .I o, and to measure 
the total energy of hadronic events from Z° decay with 
a resolution of 10.2%. The muon detector consists of 
three layers of precise drift chambers, which measure 
56 points on the muon trajectory in the bending plane, 
and 8 points in the non-bending direction.
We have previously described the detector and its 
performance in detail [9,10].
3. Simulation and data analysis
In order to establish the selection criteria and to 
evaluate the selection efficiency a Monte Carlo sim­
ulation o f different processes has been carried out.
Hadronization and decays were simulated using the 
program JETSET 7.3 [11] with parton shower frag­
mentation. The response of the detector was simu­
lated using the L3 detector simulation program*1 
which takes into account the effects of energy loss, 
multiple scattering, interactions and decays and in­
cludes the detector efficiency and resolution.
Higgs events were generated in the H°vv, H°e+e~, 
H °|i+ja._ and both x+x_ qq channels in the H° mass 
range from 30 to 60 GeV. The event generator pro­
gram includes initial state photon radiation and final 
state radiation of photons from leptons and gluons 
from quarks. In this mass range the Higgs boson pre­
dominantly decays into a bb pair. The branching ra­
tios into cc and are not negligible [14] and were 
included. With QCD corrections [15] the branching 
ratio into t +t ~ for a 50 GeV Higgs boson is approx­
imately 5.5%.
The samples of Monte Carlo events used in the 
present analysis are; 647 000 Z° hadronic decays in­
cluding 165 000 for the 1990 setup, 85 000 
events, 1000 H° events at different masses for each 
decay channel and 500 four fermion events [16] of 
th types qq£+£" for each combination of the differ­
ent quarks and leptons.
As the selections described below extensively use 
the information coming from the calorimetric part of 
the detector, we briefly describe the related recon­
struction algorithm. Jets are reconstructed using a two 
step procedure [10]: firstly neighbouring calorime­
tric hits are combined into clusters, then jets are 
formed merging neighbouring clusters and muon 
tracks. Each charged track measured in the tracking 
chamber is assigned to the nearest jet. The algorithm 
normally reconstructs one such “je t” for a single iso­
lated electron, photon, muon, high energy x or a had­
ronic jet. Unless otherwise stated in the following jets 
are defined by this algorithm.
The trigger efficiency for the studied signal is in ex-
81 The L3 detector simulation is based on GEANT Version 3.14, 
see ref. [12]. The GHEISHA program is used to simulate 
hadronic interactions, see ref. [13].
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cess of 99.9% for all the channels in the Higgs boson 
mass range under study.
4. H°vv event selection
H°vv events are characterized by large missing en­
ergy and momentum imbalance due to the unde­
tected neutrinos from the Z°* decay. The heavy quarks 
from the Higgs decay receive a Lorentz boost leading 
to two acoplanar jets which mainly populate one 
hemisphere with a rather low energy deposit in the 
other. The direction of the missing energy, being 
mainly that of the Z0*, is far from the quark jets. In 
contrast, in the e+e~->qq events (the main source of 
background in this mass range), the two jets from the 
qq system are typically coplanar with the beam axis, 
seldom leading to low energy deposits in any one 
hemisphere. The relatively small missing energy is 
mostly due to the undetected neutrinos within the jets 
or to the jet energy resolution, as a consequence the 
missing energy direction is close to one of the jet axes.
The search for Higgs candidates is carried out tak­
ing advantage of the above signatures.
In the preselection a set of cuts is applied to elimi­
nate a large fraction of the background due to the qq, 
t +t ~, two photon processes, cosmic rays and beam 
gas interactions. We require the following:
-  The invariant mass of all the calorimetric clusters 
(assumed to be massless), M vis, is within the range 
25-65 GeV.
-  The energy imbalance transverse to the beam axis 
is larger than 15% and that parallel to the beam axis 
is less than 45% of the visible energy. The direction 
of the energy imbalance is more than 0.4 rad away 
from the beam axis.
-  There are more than four charged tracks with trans­
verse momenta larger than 0.3 GeV and with dis­
tances of closest approach to the beam axis less than 
5 mm. There are more than 12 calorimetric clusters.
The acceptance of the above cuts for H°vv events 
with M h o of 50 GeV is 79% and we are left with 0.85% 
of the Z° hadronic decays, the background from all 
other sources being negligible. The visible mass dis­
tribution for the remaining events is shown in fig. 1.
For the final selection we use a set of cuts which 
are designed to reject all events from the background 
channels in the existing Monte Carlo samples while
800 *
</3c<u>w
•  Data 
J* MC qq




Fig. 1. Visible mass distribution for the data, simulated qq back­
ground and Higgs signal (A/Ho =  50 GeV) which pass the prese­
lection for the H0vv search. Background Monte Carlo events are 
normalized to the total integrated luminosity. The signal has been 
multipled by 1000 for visibilty.
maintaining a high detection efficiency for the Higgs 
boson. All these cuts are based on topological vari­
ables which are mostly related to the je t axis mea­
surement. The jet directions are usually well defined 
even for events with large missing energy. The jet re­
construction starts by identifying the two calorime­
tric clusters that have the largest invariant mass. The 
plane perpendicular to that containing the direction 
vectors of the two clusters and bisecting the angle de­
fined by them divides the event into two hemi­
spheres. All the clusters in each hemisphere are com­
bined to form a jet whose direction is determined by 
adding the momentum vectors of the clusters. Hence 
we obtain exactly two jets for each event, corre­
sponding to the primary qq pair. Finally we define a 
unit vector b which is opposite to the sum of the unit 
vectors along the two jet directions.
An event is accepted if it satisfies the following 
criteria:
(1) E9q < 10 GeV and E60 < 3 GeV, where E90 and 
E 6Q are the energies deposited in the cones with half 
opening angles of 90° and 60° respectively around &
(2) The largest angular region in the R-(j> plane 
where no tracks are present must be greater than 1.1 
rad.
(3) Ei < 1 GeV, where E{ is the energy deposited in
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Fig. 2. Distributions of three o f  the variables used in the final 
H°vv selection for the data, simulated qq background and  the 
Higgs signal {M Ho =  50 GeV): E9Q after the preselection (a ) ,  Ex 
after the preselection, cuts 1 and 2 (b) and £ after all o ther cuts 
(c). The arrows indicate the position o f  the cuts: E90< 10 GeV, 
E i<  1 GeV and C< 170°.
a cone of 2 0 ° half opening angle around the missing 
energy direction.
(4) £<160° and C< 170°, where £ and £ are the 
angles between the two jets in space and in the R-<f> 
plane respectively.
Figs. 2a-2c show the distributions of £ 90, Ex and £ 
respectively, for the 50 GeV Higgs Monte Carlo 
events, qq Monte Carlo and the data before the cut 
in that variable is applied.
The detection efficiency for the Higgs signal as a 
function of he H° mass is shown in table 1.
The uncertainty in the selection efficiency has been 
studied by changing the detector calibration con­
stants within their errors and by using two different 
hadronization models in the Monte Carlo. The effect 
of the changes in the calibration were found to be less 
than 1.5% of the detection efficiency for a 50 GeV 
Higgs mass. The selection efficiencies for the same
Table 1
Selection efficiencies (in %) for Higgs events in the different channels. The efficiencies for the H°vv and H V ^M “ channels are the same 
for 1990 and 1991 data.
Higgs mass (GeV) 
30 40 50 55 60
H°vv channel 36.4 60.6 59.0 50.3 37.4
H°e+e “ channel (1991) 58.2 55.2 52.2 50.5 49.4
H°e+e “ channel ( 1990 ) 45.5 38.0 35.0 32.0 29.0
H °|i+|i"  channel 62.6 61.2 61.6 60.6 55.4
(H°->T+T -)(Z °*->qq) (1991) 3.8 10.2 15.8 17.6 15.0
(H°->qq) (Z *-> t+t -  ) (1991) 14.6 8.6 4.0 2.2 1.4
(H 0->T+T-)(Z°*->qq) (1990) 2.4 5.4 9.4 12.4 OOOO
(H°-»qq) (Z°*->t + t ~ ) (1990) 8.0 4.2 2.2 1.4 1.2
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mass using JETSET 7.3 and HERWIG 5.3 [ 17 ] agree 
well within the statistical errors. We also repeated the 
study of qqy events which have a similar topology to 
the H°vv signal after eliminating the y from the re­
construction [ 5 ]. For these event we compared all 
the variables used in the analysis and found good 
agreement between data and Monte Carlo. From these 
studies we conclude that our efficiencies are affected 
by a relative uncertainty of less than 1,5%.
No events pass our selection cuts.
Using the 1991 data sample we also repeated the 
H°vv analysis that had been performed for the 1990 
data [ 5 ]; the analysis was slightly modified [18] in 
order to increase the efficiency for higher Higgs bo­
son masses. This analysis also found no candidates in 
the mass range from 30 to 60 GeV with an efficiency 
for the signal of 54% at 50 GeV.
5. H °e+e -  event selection
The distinctive signature of this process is the pres­
ence of two energetic and well separated electrons 
coming from the virtual Z° isolated from the H° de­
cay products. The main sources of background are the 
fourferm ion process e+e - -+e+e~ qq and the double 
semileptonic decay Z°->bb-*e+e~X.
In our selection low multiplicity events, such as 
e+e -  and t +t -  final states, are removed by requiring 
at least 15 clusters in the electromagnetic calorimeter.
To reduce the hadronic background in our sample 
we require that the two most energetic clusters have 
energies greater than 3 GeV and that the sum of their 
energies exceeds 15 GeV; in addition the opening an­
gle between these two clusters must be larger than 40°.
The identification of electromagnetic particles is 
mainly based on the energy deposition pattern in the 
electromagnetic calorimeter. We consider the ratio of 
the energy deposited in a 3 X  3 crystal array and the 
energy deposited in a 5 X  5 array both centered on the 
most energetic crystal in the cluster. After applying a 
position-dependent leakage correction to both mea­
surements the distribution of this ratio is approxi­
mately gaussian, centered at 1.0 with a width of 1%. 
Electromagnetic candidates are identified by requir­
ing that this ratio is less than 3 o  away from the above 
mean value.
The isolation of the electron candidates is further
ensured by imposing the following conditions:
-  The additional energy deposited in the electromag­
netic calorimeter in a cone of 15° opening angle 
around the direction of the highest energy cluster must 
not exceed 5% of the cluster energy and the energy 
measured in the hadron calorimeter in the same cone 
must be less than 3 GeV.
-  The additional energy deposited in the electromag­
netic calorimeter in a cone of 15° opening angle 
around the second most energetic cluster must not 
exceed 7% of its energy.
To complete the identification of the electrons we 
require the most energetic cluster to match in azi­
muthal angle with exactly one track and the second 
most energetic cluster with at least one track. For both 
clusters the matching has to be within a 4a  cut where 
a  depends on the energies and on the polar angles of 
the clusters.
To identify the Higgs boson decay products we ex­
amine the non-electron jets in the event. Indicating 
with P jl the transverse momentum of each electron 
with respect to the nearest jet, we require the sum of 
the two Pj_’s to be larger than 10 GeV. If only one jet
Fig. 3. The 31.4 GeV mass candidate found in the H °e+e -  chan­
nel shown in the plane perpendicular to the beam line. The lines 
in the TEC represent the reconstructed charged tracks. The size 
of the symbols indicating individual calorimetric hits (towers in 
the BGO electromagnetic calorimeter and boxes in the hadron 
calorimeter) corresponds to the energy deposition in that hit. The 
towers which appear in the TEC region in this projection belong 
to the BGO endcaps.
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Table 2
The energies ( £ ) ,  the polar angles with respect to the beam line 
( 0 ) and the azimuthal angles {</>) of the main constituents of the 
H°e+e~ candidate are indicated. The main parameters o f  the 
event are: ^ 5= 88.4 GeV, missing mass recoiling against the fi-
* nal state e +e _ =  31.4 ±  1.5 GeV, mass ( e +e - ) = 4 6 .8 ±  1.9 GeV,
measured mass o f  the hadronic system =  23 GeV; this last value 
is consistent with the Monte Carlo expectation o f  28.7 ±  4.3 GeV 
I for a Higgs boson with mass 31.4 GeV.
E  (GeV) 0 ( deg. ) $ (deg.)
jet, 23.8 152.8 47.5
je t2 9.4 101.4 173.4
e* 25.95 ± 1.0 35.8 59.9
e~ 25.13 ± 0.35 99.6 258.5
is present we require the sum of the two P x ’s to be 
larger than 30 GeV.
The selection efficiencies for the signal are shown 
in table 1 for the 1990 and 1991 setup. The efficiency 
for the 1990 data is lower due to the lower geometri­
cal acceptance of the BGO calorimeter which did not 
include the endcaps.
One event passed the above selection criteria; the 
missing mass recoiling against the electron pair is 
31.4± 1.5 GeV. The event is shown in fig. 3 and its 
main parameters are given in table 2. This event is 
consistent with the four fermion background from 
which we expect 1.6 ± 0.3 events.
No events pass our selection in samples of 340 000 
qq and 70 000 x+x~ Monte Carlo events. We have 
also simulated Z°-+bb-*e~e” X events correspond­
ing to 1.6 X  106 e+e~ -* hadrons and no events passed 
our selection.
6. H V +^ r event selection
This analysis is based on the selection of events with 
well isolated muons together with other charged par­
ticles present in the fragmentation of the heavy quark 
pair form the Higgs decay.
The selection is based on tracks in the muon spec­
trometer that when extrapolated back towards the 
beam line pass within 3.5a from the interaction point, 
both in the R - $  and 2  directions; in the following we 
refer to these muon tracks simply as muons.
We require the presence of at least one muon sat­
isfying these criteria. Furthermore, we require at least 
five tracks to be reconstructed in the TEC in order to 
remove cosmic ray, (i+n~, x*x- , e +e~ \i+\i~ and 
7c+7t“ ji+|i~ events. In order to reduce the back­
ground from Z°~»qq events, we require the event 
thrust to be less than 0,92.
Two sets of cuts are applied; set (i) to recognize a 
single well isolated muon and set (ii) to select the 
muon pair from the Z°* decay. An event passes the 
selection if it has at least one muon surviving the first 
set of cuts (i) or at least one muon pair surviving the 
second set of cuts (ii). This allows us to recover the 
events in which one of the two muons coming from 
the decay of the virtual Z° is not detected in the muon 
spectrometer.
To measure the isolation of a muon we define the 
quantity
____  ^ j e t i  P i i jJfi -- ,
Pm
where Ejcli is the energy of the jet which includes the 
ith muon and is the value of the muon momentum. 
The two sets of cuts are the following:
Set (/). In order to reduce the large background due 
to the semileptonic decays of hadrons into low mo­
mentum muons, the muon must have a momentum 
larger than 10 GeV. To ensure the isolation, we re­
quire less than six calorimetric clusters and at most 
one additional charged track in the jet which includes 
the muon. The isolation parameter 9  must have a 
value of less than 0.3,
Set (i i).  To identify a muon pair from the decay of 
the Z°* the following isolation cuts are applied:
-  There should be at least one muon with less than 
six calorimetric clusters in the associated jet.
-  There should be at least one muon with less than 
five charged tracks in the associated jet.
-  There should be at least one muon separated by 
more than 0.4 rad from the axis of the nearest jet 
which does not include any of the muons.
-  £ ? r# 2<  1-5-
To reduce the background from the semileptonic 
decays of hadrons the following cuts are used;
-  m in (pJil, p M2) > 3.4 GeV a n d > 12 GeV.
-  The invariant mass of the muon pair must be larger 
than 1 GeV.
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The energies ( £ ) ,  the polar angles with respect to the beam line 
( 0 ) and the azimuthal angles (0 ) of the main constituents of the 
H V +H~ candidate are indicated. The main parameters o f  the 
event are: ^ = 9 1 . 3  GeV, missing mass recoiling against 
=  70 .4± 0 .7  GeV, mass (ji+j i~ ) =  6.5 ± 0 .2  GeV, measured 
mass of the hadronic system =  61.6 GeV; this last value is consis­
tent with the Monte Carlo expectation o f  65.7 ± 6.2 GeV for a 
Higgs boson with mass 70.4 GeV.
E  (GeV) 6 ( deg. ) 0 (deg.)
jet! 25.7 128.8 354.6
je t2 23.6 34.9 189.3
je t3 8.6 84.5 212.8
je t4 4.9 127.9 261.8
14.9 ± 0.55 50.5 128.7
3.80 ±0.15 98.0 107.6
in je tj 14.6±0.59 126.7 355.4
Fig. 4. The 70.4 GeV mass candidate found in the H V +|i~ chan­
nel shown in the plane perpendicular to the beam line, (a )  shows 
the whole detector, including the m uon chambers, (b )  shows the 
central region. The lines in the TEC represent the reconstructed 
charged tracks. The size of the symbols indicating individual ca- 
lorimetric hits (towers in the BGO electromagnetic calorimeter 
and boxes in the hadron calorimeter) corresponds to the energy 
deposition in that hit. The towers which appear in the TEC re­
gion in this projection belong to the BGO endcaps. In (a)  the 
muon tracks can be seen as reconstructed in the three layers of 
chambers. The track in the muon chambers which, when extrap­
olated back (dashed line), passes far away from the interaction 
point is most likely due to a “ punch through” particle.
The selection efficiencies for the Higgs signal are 
shown in table 1. 
One event passed the above selection criteria; the 
missing mass recoiling against the two well isolated 
muons is 70.4 ±0.7 GeV. The event is shown in fig. 4 
and its main parameters are given in table 3. This 
event is consistent with the four fermion background 
from which we expect 1.7 ±0.2 events.
No events pass our selection in samples of 340 000 
qq and 70 000 x+x~ Monte Carlo events.
7. x+x qq event selection
The search for the Higgs signal with x leptons in the 
final state was performed using the two channels:
(H° qq) and (H°->qq) (Z°*->x+x_ ).
The selection was optimized for a 55 GeV Higgs bo-
i*son in the configuration (H° t +x - ) (Z ° : qq),
which is predicted to have the highest cross section 
among all the possible Higgs channels with x leptons. 
As the x+x_ qq final state produces mostly four jets 
we require the presence of at least three and at most 
five jets.
In order to remove most qq, x+x~ events, two pho­
ton processes and beam gas interactions, we require 
the following: 
-  The visible energy is between 30 and 65 GeV and 
the most energetic jet has an energy less than 35 GeV.
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-  The energy imbalance transverse to the beam axis 
is larger than 5% and that parallel to the beam axis is 
less than 30% of the visible energy.
-  The major is greater than 0.3, where the major is 
defined as the maximum value of the quantity 
( 'LiEf-v) /  ( Z,1 Ei \ ) when the vector v is contained in 
the plane perpendicular to the thrust axis. Et indi­
cates the energy and the direction of each calorime- 
tric cluster and the index i runs over all the clusters 
in the event.
-  There are at least 14 calorimetric clusters and at 
most 21 tracks.
In order to identify the x decay products we require 
the following:
-  At least two “ tau” jets, defined as narrow jets (jet 
thrust greater than 0.99) which form an angle of at 
least 10° with the beam direction and contain less 
than six tracks and less than ten calorimetric clusters 
each. For 1990 data, due to the lower acceptance of 
the BGO calorimeter, we require the “tau” jet direc­
tions to be at least 450 away from the beam direction.
-  At least one isolated track, defined as a track with 
a momentum greater than 3 GeV, matched with a ca­
lorimetric cluster of energy larger than 1 GeV within 
a 6° half opening angle cone around the track direc­
tion and with no other tracks in a 15° half opening 
angle cone. The isolated track can be one of the above 
required “tau” jets.
Finally we require that the energy outside the two 
most energetic “tau” jets is less than 40 GeV.
No events survive this selection both in the data 
and in samples of 340 000 qq and 40 000 x+x“ Monte 
Carlo events. Less than 0.1 events are expected from 
e+e~->x+x~ qq processes.
The detection efficiencies corresponding to the 
1990 and 1991 data for different Higgs masses are 
shown in table 1.
8. Systematic uncertainties
The sources of systematic errors on the number of 
expected Higgs events are the following
-  Theoretical uncertainty of less than 1% on the ratio 
between the Higgs boson production cross section and 
the e+e“ ->qq cross section [19].
-  Experimental uncertainty of 0.5% on the corrected 
number of Z° hadronic decays used for the normali­
zation [20].
-  Theoretical uncertainty on the Higgs decay branch­
ing ratios which contributes an error of 1 % to the de­
tection efficiency.
-  Error on the Higgs detection efficiency of 1.5% due 
to the uncertainties in the Monte Carlo fragmenta­
tion parameters, estimated by changing the fragmen­
tation model and varying the detector calibration 
constants.
-  Error on the Higgs detection efficiency of 1.5% due 
to Monte Carlo statistics.
Combining all these errors in quadrature we obtain 
an overall systematic uncertainty of 2.6%.
9. Mass limit
From a total of 408 000 hadronic events, we have 
observed one e+e-  hadrons and one }i+ |i~ hadrons 
event that pass our selection criteria. From Monte 
Carlo studies, we expect the background in the Higgs 
search from four fermion processes to be 1,6 ±0.3 
e+e“ qq events for the H°e+e~ channel and 1.7 ± 0.2 
|u+ |i“ qq events for the H°(i+I^~ channel. Neither 
event is consistent with a Higgs boson mass in the 
vicinity of 50 GeV, Therefore we take the 95% con­
fidence level limit on the Higgs boson mass corre­






30 35 40 45 50 55 60
Mh (GeV)
Fig, 5. Number of events expected in the different channels. The 
95% confidence level line is shown and the Higgs mass limit at 
the 95% CL is indicated.
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2.6% systematic error on the number of expected 
events we obtain a 95% CL lower limit on the mass 
of the Higgs boson of 52 GeV.
Fig. 5 shows the number of expected events in the 
mass range from 30 to 60 GeV. The 95% CL line, also 
shown in the figure, was obtained with the likelihood 
function of the two candidates, taking into account 
the number of expected events from the background 
and from the signal and the experimental mass mea­
surement errors.
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